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Abstract 
Resilient modulus (Mr) of asphalt mixtures in laboratory tests is usually measured by applying a haversine pulse with a 
specific duration and rest period which may not simulate the actual stress pulse occurring in field. In this paper, the effect of 
various parameters of loading pulse consist of the waveform, duration as well as the ratio of rest period to loading time (R/D) 
on the resilient modulus of asphalt concretes is investigated. For this purpose, complex modulus of four different asphalt 
mixtures were utilized and after validating results of numerical method for determining Mr, based on linear viscoelastic 
theory, resilient moduli of these mixtures were computed under different conditions. The results of this research showed that 
the waveform and duration of loading pulse affect the resilient modulus of asphalt concrete significantly and these two 
parameters should be considered in analysis and design of flexible pavements. The study showed that the ratio of rest period 
to loading time (R/D) should be equal to 9 or greater values to achieve an acceptable range of error in measurement of 
resilient modulus. This study proposes a good relation between the resilient modulus under haversine waveform and resilient 
modulus under square waveform which can be calibrated and used for prediction of Mr under square pulse by knowing Mr 
under haversine waveform. Also it was shown that the concept of the resilient modulus master curve can be used successfully 
to represent the resilient modulus of asphalt mixtures in a wide range of mix temperatures and frequencies.  
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of International Scientific Committee. 
Keywords: Resilient modulus; Asphalt mixtures; Waveform; Duration; Rest period 
1. Introduction 
The resilient modulus of hot mix asphalts (HMA) is an important input for computation of flexible pavements 
responses under traffic loading. These responses then can be used through transfer functions to calculate the 
optimum thickness design for new pavement or to estimate the remaining life of an existing pavement using 
Mechanistic-Empirical (M-E) methods. Due to the simplicity and ease of application to test laboratory compacted 
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specimens and field cores, the indirect tensile test is the most common repeated load test to measure the resilient 
modulus of bituminous mixture (AASHTO, 1996; ASTM, 2011).  
The concept of dynamic modulus (|E*|) of asphalt mixes for mechanistic-empirical design of flexible 
pavements was firstly incorporated by MEPDG (NCHRP 2004). Contrary to Mr test, the standard |E*| test 
protocol does not include the rest period within a given loading time. It is well known that traffic loading is not 
continuously applied to a pavement structure in the field. Hence, the standard |E*| without consideration of the 
rest period is an inaccurate characterization of the HMA modulus and predictions of associated performance. The 
current |E*| test applies sinusoidal loading waveform but this may not always be the best application for 
representing pavement vertical stress distribution at different depths within a pavement structure. According to 
these conditions, the measured dynamic modulus is always more than the resilient modulus of an asphalt mix. 
Previous researches have showed that application of |E*| instead of Mr for characterization of asphalt layers 
results in an underestimation of the critical pavement responses which have a negative effect on predictions of 
pavement fatigue and rutting lives (Al-Qadi et al. 2007; Hu et al. 2008). 
According to the above-mentioned paragraph, some researchers have suggested that the resilient modulus 
should be considered for use in analysis and design of pavement structure instead of the dynamic modulus (Hu et 
al. 2008). Resilient modulus test in laboratory tests usually is measured by applying a haversine waveform having 
the loading time (duration) of 0.1s and rest period of 0.9s (AASHTO 1996; ASTM 2011) . These conditions may 
not represent the field condition of asphalt mixtures under moving load. For example, previous researches showed 
that the shape and duration of loading in asphalt layer varies with respect to vehicle speed, asphalt thickness, 
depth and the ratio of asphalt layer modulus to base layer modulus (Hu, Zhou, Hu  & Walubita  2010). Hu, Zhou, 
Hu  and Walubita (2010) showed that the loading shape near to the asphalt surface can be represented by square 
shape and by increasing the depth, the loading shape approaches to haversine or triangle shape.  
This paper aims to study the effects of shape, duration and rest period of loading pulse on the resilient 
modulus of asphalt mixtures. Also some relations were introduced and explored for generalizing the results of 
laboratory measured Mr of asphalt mixes. After calibration of these relations for a specific mix, the resilient 
modulus of an asphalt mix can be predicted at different conditions (temperature, loading waveform, and loading 
time) without any needing to do extra tests 
2. Background  
Fairhurst, Kosla, and Kim (1990) indicated that the resilient modulus slightly increases with increasing load 
cycle frequency. A higher load cycle frequency results in a shorter rest period and a shorter time for recovery of 
strains to take place, resulting in higher resilient modulus values. NCHRP 1-28A project report describes that the 
effect of loading period on resilient modulus is not significant at 5°C. At this low temperature, the specimens 
behave essentially like an elastic material and hence are less affected by the changes in the loading time. At 25°C 
and 40°C the resilient modulus decreases considerably with increases in loading time. At these higher 
temperatures, larger loading times cause larger deformations with less recovery of the deformations occurring 
(Barksdale et al., 1997).Law (2004) also shown that at the 5°C test temperature, asphalt specimens act like an 
elastic material and therefore the load duration has a little effect on the resilient modulus of asphalt mixtures. 
Kamal, Shazib and Yasin (2005) considered resilient behavior of asphalt concrete mixtures by varying 
temperature and time of loading. At each temperature, asphalt cores were tested for three pulse widths (i.e. 150 
ms, 300 ms and 450 ms). It was observed that the resilient modulus decreases from about 20 to 25% in samples 
having polymer modified bitumen and 20 to 45% in normal bitumen samples with an increase in pulse width 
from 150 ms to 450 ms at same temperature (Kamal, Shazib and Yasin 2005). 
 Monismith (1989) indicates that the beneficial effect of longer rest period is not noticeable once the ratio of 
rest period to loading time exceeds 8. Kim, Shah and Khosla (1992) resulted that the ratio of rest period to 
loading time should be considered, because it would directly affect the amount of recoverable strain. A smaller 
recoverable strain will result in a greater resilient modulus value. They stated that a little effect can be found in 
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the resting period as the ratio approaches 8 and greater. An increase ratio of rest period/loading time will result in 
a decrease in the resilient modulus. As the temperature decreases, the dependency of the rest period/loading 
period ratio decreases (Kim et al., 1992). Other studies have found that the ratio of the rest period to load period 
(from 4 to 27) does not make a significant difference in the resilient modulus (Barksdale et al., 1997). 
3. Determining resilient modulus of asphalt concrete using the linear viscoelastic theory 
Resilient modulus test of asphalt mixtures should be performed at a level of strain that the behavior of material 
remains in linear viscoelastic range. Therefore, asphalt mixtures can be assumed as linear viscoelastic material 
during this test. With this assumption, the conversion between linear viscoelastic material functions (dynamic 
modulus and phase angle, creep compliance, and relaxation modulus, etc.) has a basis in the theory of linear 
differential and integral equations that can be applied to asphalt mixtures.  For example, if the dynamic modulus 
and phase angle of asphalt mixtures are known over a wide range of temperature and frequency; creep 
compliance and/or relaxation modulus of asphalt mixtures can be mathematically determined. Several 
mathematical relationships have been proposed between linear viscoelastic parameters of asphalt mixtures 
material in both time and frequency domain (Park & Schapery, 1999; Oza, Vanderby & Lakes 2006; Sorvari & 
Malinen, 2007). In this study, the approach proposed by Hu et al. (2008) was used to determine the resilient 
modulus of asphalt mixtures based on linear viscoelastic theory. 
The alternative approach to determine resilient modulus includes the following five steps (Hu et al.  2008):  
Step 1: Run dynamic modulus test (AASHTO TP62-07) and record the phase angle ( ), in addition to the 
dynamic modulus value (|E*|) at each given frequency and temperature.  
Step 2: Develop | E*| and E´ (=| E*|cos
the frequency and t is the time duration.  The master curve formula is given in Equation 1:  
 
rlog
*
e1
ElogorElog                                                                                                             (1) 
 r= aT T is the shift factor 
which is defined as follows: 
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T                                                                                                                          (2)  
in which, T is temperature T; TR is reference temperature; and a, b, and c are regression coefficient                               
Step 3:  Convert the complex modulus E* in frequency domain to D(t) in time domain through the storage 
linear viscoelastic materials between complex modulus (E*) and complex compliance (D*):  
1)(D)(E **                                                                                                                                               (3) 
where E* and  D* are defined below. 
)(Ei)(E)(E*                                                                                                                                  (4) 
           )(Di)(D)(D
*                                                                                                                                (5) 
Using Equat  
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)(E)(D                                                                                                             (6)  
It is clear that the storage compliance in the frequency domain can be computed through Equation 6, if the 
dynamic modulus and phase angle are known.  
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In addition, the creep compliance can also be characterized more easily using the generalized Kelvin model, 
which consists of a spring and m Kelvin elements (here m is equal to 17) connected in series, and given by the 
following equation:  
 
17
1i
t
i0
ie1DD)t(D                                                                                                                         (7) 
where D0 (the glassy compliance), Di i (retardation time) are all positive constants.  
The series expression in Equation 7 is often referred to as a Prony series. Similarly, the storage compliance in the 
frequency domain (Equation 6) can also be represented using the Prony series (Park and Schapery 1999) and is 
given by   
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0,  Di i) can be simultaneously determined through Equation 8 using the 
Levenberg-Marquardt non-linear least squares algorithm, and accordingly, the creep compliance in time-domain ( 
Equation 7) is known.   
Step 4: By assume the stress history, the corresponding strain history can be predicted based on the Boltzmann 
superposition principle using the following equation.  
 d)t(D)t(
t
0
                                                                                                                                 (9) 
For a detailed review on computation of convolution integral (Equation 9) see Hu et al. (2008). 
Step 5: After computing the strain history at 100th cycle of loading based on the results from the step 4, the 
corresponding Mr can be computed as follows: 
r
d
rM                                                                                                                                                      (10) 
d r is recovered or resilient strain. As an example, these two values are 
represented in Fig. 1 for mix type of 1A at 25 oC under haversine and square loading with duration of 0.1 s.  
 
           
(a)      (b)     
Fig 1. Stress-strain history in three final cycles of loading for 1A asphalt mixture: (a) Square loading; (b) Haversine loading 
In order to validate the method, the experimental results of complex modulus test and resilient modulus test 
conducted on four types of asphalt mixtures by Hu et al. (2008) were employed. General characteristics of the 
four types of asphalt mixtures used in this study are shown in Table (1).  
Dynamic modulus and phase angle of asphalt mixtures, each at four different temperatures and six 
frequencies, were measured and are represented in Table (2). In addition, the resilient modulus of asphalt 
83 Ali Reza Ghanizadeh and Mansour Fakhri /  Procedia - Social and Behavioral Sciences  104 ( 2013 )  79 – 88 
mixtures was measured at different temperatures and frequencies under a haversine pulse with ratio of rest period 
to duration of 9. 
Table 1. Asphalt mixtures used in this study (Hu et al., 2008) 
Mixture Mix Type Aggregate Binder type Binder content Air voids 
1/2A 12.5 mm Superpave Crashed gravel 70-22 6.0% 6.20%
1A 25 mm Superpave Crashed gravel + Basalt 76-22 4.9% 4.90% 
FC1 Dense-graded Type B Limestone 64-22 4.5% 5.81% 
Trap1 19 mm Superpave Basalt 76-22 5.6% 4.20% 
Table 2. Results of complex modulus test for different asphalt mixtures (Hu et al. 2008) 
Frequency 
(Hz) 
1A 1/2A FC1 Trap1 
Temp. 
(oC) 
|E*| 
(MPa) 
 
(o) 
Temp. 
(oC) 
|E*| 
(MPa) 
 
(o) 
Temp. 
(oC) 
|E*| 
(MPa) 
 
(o) 
Temp. 
(oC) 
|E*| 
(MPa) 
 
(o) 
25 -1.0 29243 3.4 1.4 17303 6.4 2.9 19760 3.0 2.9 15710 2.7
10 -1.0 27036 6.0 1.4 15535 8.5 2.9 18498 6.0 2.9 13892 5.8 
5 -1.0 25577 7.7 1.4 14337 10.8 2.9 17307 6.9 2.9 12942 6.2 
1 -1.0 22211 9.9 1.4 11344 14.0 2.9 15031 9.1 2.9 11162 8.1 
0.5 -1.0 20628 10.6 1.4 10144 15.2 2.9 13962 10.0 2.9 10087 8.6 
0.1 -1.0 17006 12.9 1.4 7672 18.8 2.9 11754 12.4 2.9 8563 10.0 
25 4.1 24258 5.7 4.3 14588 7.2 5.3 18445 3.9 5.3 14029 3.9 
10 4.1 22000 9.0 4.3 12827 9.9 5.3 17125 6.8 5.3 12427 6.4 
5 4.1 20151 10.7 4.3 11428 12.4 5.3 16047 8.0 5.3 11445 7.2 
1 4.1 16754 13.5 4.3 9060 16.4 5.3 13724 10.1 5.3 9550 9.5 
0.5 4.1 15302 15.4 4.3 8074 18.1 5.3 12844 11.4 5.3 8472 10.3 
0.1 4.1 11918 18.1 4.3 5774 22.1 5.3 10377 14.5 5.3 6990 11.2 
25 15.3 16731 11.9 15.0 8477 16.4 15.4 12867 9.2 15.4 11267 7.7 
10 15.3 14079 14.2 15.0 6773 19.0 15.4 11095 11.9 15.4 9665 9.5 
5 15.3 12266 17.9 15.0 5748 22.3 15.4 10015 15.2 15.4 8662 12.3 
1 15.3 9017 21.4 15.0 3820 27.6 15.4 7755 18.5 15.4 6695 15.2 
0.5 15.3 7746 23.4 15.0 3126 30.6 15.4 6817 20.8 15.4 5853 16.8 
0.1 15.3 5134 25.8 15.0 1802 33.4 15.4 4872 24.7 15.4 4333 18.2 
25 36.7 4155 21.1 36.7 1642 25.6 36.9 3571 23.0 36.9 5054 15.3 
10 36.7 2908 25.1 36.7 1024 27.7 36.9 2522 25.8 36.9 3767 17.1 
5 36.7 2329 27.8 36.7 713 27.5 36.9 1991 29.9 36.9 3157 23.6 
1 36.7 1421 26.6 36.7 390 29.9 36.9 1114 32.7 36.9 2101 24.7 
0.5 36.7 1111 27.8 36.7 293 29.9 36.9 851 34.3 36.9 1662 25.8 
0.1 36.7 736 25.0 36.7 179 24.0 36.9 468 31.3 36.9 1143 24.5 
  
Fig 2. Measured vs. predicted values of resilient modulus of four asphalt mixtures 
 
In order to determine the resilient modulus of asphalt mixtures using the complex modulus of mixtures and 
based on the linear viscoelastic theory, a comprehensive program was developed using MATLAB®. The resilient 
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modulus of different asphalt mixtures under haversine loading at four temperatures and six frequencies (in 
accordance with temperatures and frequencies in the resilient modulus test) were determined numerically using 
the developed program. To simulate and determine the resilient modulus by numerical method, firstly 100 cycles 
of loading with specific duration and rest period were applied and recoverable strain at 100th cycle was employed 
in equation 10 to determine resilient modulus. 
Measured and predicted values of resilient modulus obtained from experimental test and developed program 
are illustrated in Figure 2. As can be seen, the resulting values of the predicted resilient modulus on the basis of 
numerical simulation are very close to the measured values of resilient modulus and therefore it can be stated that 
the proposed method by Hu et al. (2008) can be used to determine the resilient modulus of asphalt mixtures under 
various loading patterns and temperatures. 
4. Effect of rest period on resilient modulus of asphalt concrete 
Effect of the ratio of rest period to the loading duration (R/D) on the resilient modulus of asphalt mixtures at 
three different temperatures (5, 25, and 40 °C) and loading durations (0.01, 0.1 and 1 sec.) with respect to square 
and haversine waveform is given in Table 3. Since the R/D value in field is much larger than what is proposed in 
resilient modulus tests, the R/D=30 was selected as a criterion for more accurate simulation of field condition. 
Therefore, the resilient modulus resulted from different R/D values (2, 4 and 9) was compared with resilient 
modulus with respect to R/D=30. 
Table 3. Error percentage in determination of resilient modulus at different R/D ratios in comparison with R/D=30. 
Temp. 
(oC) 
Duration 
(s) R/D 
1A 1/2A FC1 Trap1 
Haversine Square Haversine Square Haversine Square Haversine Square 
5 0.01 2 0.74 2.17 1.03 2.86 0.54 1.64 0.77 2.25
5 0.01 4 0.25 0.73 0.36 1.01 0.17 0.52 0.25 0.74 
5 0.01 9 0.08 0.35 0.13 0.48 0.06 0.26 0.09 0.36 
5 0.1 2 1.46 4.01 2.10 5.41 1.02 2.97 1.46 4.00 
5 0.1 4 0.51 1.35 0.77 1.91 0.34 0.98 0.50 1.33 
5 0.1 9 0.12 0.16 0.20 0.30 0.08 0.10 0.11 0.15 
5 1 2 1.99 5.44 3.07 7.72 1.38 4.04 1.89 5.21 
5 1 4 0.90 2.35 1.44 3.42 0.63 1.75 0.85 2.23 
5 1 9 0.24 0.58 0.42 0.92 0.17 0.42 0.22 0.53 
25 0.01 2 2.27 5.36 3.75 7.86 1.94 4.75 1.51 3.91 
25 0.01 4 0.83 1.93 1.51 3.08 0.73 1.75 0.52 1.35 
25 0.01 9 0.29 0.89 0.54 1.37 0.26 0.81 0.18 0.64 
25 0.1 2 3.74 8.40 6.02 11.87 3.68 8.37 2.64 6.47 
25 0.1 4 1.32 2.86 2.29 4.30 1.43 3.09 0.92 2.19 
25 0.1 9 0.32 0.40 0.63 0.79 0.41 0.58 0.22 0.28 
25 1 2 4.02 9.38 6.31 13.12 5.26 11.54 3.10 7.74 
25 1 4 1.75 3.91 2.79 5.49 2.57 5.24 1.38 3.28 
25 1 9 0.43 0.91 0.73 1.35 0.83 1.55 0.35 0.78 
40 0.01 2 3.32 6.98 5.17 9.67 4.46 8.83 2.35 5.49 
40 0.01 4 1.19 2.46 2.02 3.70 1.86 3.54 0.84 1.93 
40 0.01 9 0.41 1.13 0.70 1.63 0.69 1.59 0.29 0.90 
40 0.1 2 4.38 9.26 6.38 12.09 7.43 13.87 3.65 8.23 
40 0.1 4 1.42 2.93 2.17 3.97 3.12 5.47 1.25 2.74 
40 0.1 9 0.30 0.29 0.51 0.52 0.98 1.27 0.29 0.34 
40 1 2 3.51 8.34 4.97 10.81 9.07 17.12 3.69 8.73 
40 1 4 1.47 3.36 2.07 4.32 4.37 7.66 1.59 3.61 
40 1 9 0.31 0.68 0.45 0.90 1.42 2.27 0.38 0.81 
 
As can be seen, in order to determine resilient modulus accurately, longer durations (i.e. 1s) need longer R/D 
in comparison with shorter durations (i.e. 0.01s). Contrary to moderate and high temperatures (i.e. 25 and 40 oC) 
which need the minimum R/D equal to 9 for keeping error in an acceptable range, applying shorter R/D (i.e. 4) at 
temperature of 5 oC, does not cause considerable error in determination of resilient modulus of asphalt mixtures. 
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This finding is in agreement with experimental results (Barksdale, 1997; Law 2004) and can be explained by 
viscoelastic behavior of asphalt mixtures at low temperatures which acts as an elastic material and therefore the 
history of stress has a little effect on history of strain. 
In the current study, use of R/D equal to 4 instead of 30, causes a maximum error of about 7.66% and 4.37% 
in estimation of resilient modulus in the case of square and haversine loading, respectively. Also, use of R/D 
equal to 9 instead of 30, causes a maximum error of about 2.27% and 1.47% in estimation of resilient modulus in 
the case of square and haversine loading, respectively. According to the type of asphalt mixtures and also the 
loading waveform, the use of the R/D=4 may causes an error of about 8 percent in prediction of resilient 
modulus. Therefore, it is recommended that in laboratory test for measuring the resilient modulus of HMA in the 
moderate and high temperatures, R/D value be considered at least equal to 9 and even more for decreasing the 
error percentage. This finding is in agreement with recommended rest period by other researchers (Monismith, 
1989; Kim, Shah & Khosla, 1992). 
By increasing the R/D ratio the resilient modulus of asphalt mixtures decreases. With regard to existence of 
rest period between two succeeding cycles in resilient modulus test and the lake of rest period between two 
succeeding cycles in dynamic modulus test, it can be expected that the dynamic modulus be more than resilient 
modulus, and therefore the use of dynamic modulus of HMA in order to design of pavement structure based on 
mechanistic-empirical methods, results in underestimation of predicted damages such as fatigue cracking and 
rutting. Negative effect of the use of dynamic modulus instead of resilient modulus on prediction of fatigue and 
rutting life of pavement has been investigated by AlQadi et al. (2008). 
5. Effect of time duration on resilient modulus of asphalt concrete 
Figure 3, illustrates the effect of loading time (duration) on resilient modulus of four asphalt mixtures.  
 
   
     (a)         (b)        (c) 
   
      (d)       (e)         (f) 
Fig 3. Effect of loading time on resilient modulus of four asphalt mixtures with respect to loading waveform and temperature. 
 
Ratio of rest period to loading time (R/D) was assumed as 9. As can be seen, by increasing the loading 
duration, resilient modulus of HMA decreases which is in agreement with experimental investigations (Barksdale 
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et al., 1997; Fairhurst, Kosla, & Kim, 1990; Law, 2004). In addition, the resilient modulus under square 
waveform is smaller than resilient modulus under haversine waveform with the same duration. Difference of 
resilient modulus values under square and haversine waveform increases by increasing the temperature. This 
study shows that the loading time (duration) has a significant effect on resilient modulus of HMA and the use of 
one value of duration (usually 0.1s) for determination of resilient modulus does not considered the effect of some 
prominent factors such as moving speed of vehicle on the stiffness of asphalt layer. There is a strong relation 
between resilient modulus and loading time as follows: 
 cr btaM                                                                                                                                               (11) 
in which, Mr is resilient modulus, t is loading time and a, b and c are regression coefficients. This Equation fits to 
all data with a coefficient of determination of 0.99 (Figure 3). High accuracy of this models, make it practical for 
prediction of resilient modulus under different loading times. For this purpose it is recommended conducting the 
resilient modulus test at three loading times (0.1, 0.5 and 1 sec.) and determining the regression coefficients. 
Then, the Equation 11 can be used for predicting the resilient modulus of HMA at other loading times. 
 
  
       (a)          (b) 
  
       (c)          (d) 
Fig 4. Relation between resilient moduli predicted under square loading and haversine loading 
6. Relation between resilient modulus under square and haversine loading 
Resilient modulus of asphalt mixtures in laboratory tests is usually measured under haversine loading. Recent 
studies show that the shape of vertical stress pulse near the asphalt surface is close to square function (Hu, Zhou, 
Hu  & Walubita,  2010). Therefore, for prediction of resilient modulus of asphalt layer at low depths (less than 
5cm) accurately, the loading waveform should be considered as square function. Accurate determination of 
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resilient modulus near the pavement surface has a great importance because this parameter affect the tensile 
strain at the surface of asphalt layer which controls the top-down cracking of asphalt layer (NCHRP, 2004). 
Relation between resilient modulus of four asphalt mixtures under square and haversine waveform at nine 
frequencies and three temperatures is illustrated in Figure (4). As can be seen a quadratic polynomial equation 
with intercept of zero is reasonable for describing the relation of resilient modulus under square and haversine 
loading. This relation is as follows: 
  2Hr
H
r
S
r )M(baMM                                                                                                                                     (12) 
where SrM
 
is resilient modulus under square waveform; HrM
 
is resilient modulus under haversine waveform and 
a and b denote regression coefficients. Equation (12) can be calibrated for a specific asphalt mixture by 
conducting limited number of resilient modulus tests under both square and haversine loading and then it can be 
used to estimate the resilient modulus under square waveform with respect to measured resilient modulus under 
haversine waveform. By this method, there is no need to do extra Mr tests under square loading. 
7. Resilient Modulus Master Curve 
The concept of master curve has been extensively used to represent the dynamic modulus of asphalt mixes in 
a wide range of loading frequencies and temperatures. Here, the capability of this concept will be explored to 
represent the resilient modulus of asphalt concretes under different loading waveform. The resilient modulus 
master curve of the asphalt mixture is made using time-temperature super positioning and can be represented by a 
nonlinear sigmoid function of the following form: 
rflogr e1
Mlog                                                                                                                               (13)        
Where Mr is resilient modulus, fr is reduced frequency r
of Mr
determined using following relation:  
Tr ff                                                                                                                                                       (14)       
in which, f is the frequency in terms of hertz which is reciprocal of loading time in resilient modulus test and 
T is the shift factor which is calculated using Equation (2).  
Table 4. Parameters of resilient modulus master curves for four asphalt mixes under haversine and square loading 
Mix Type Waveform     TR c1 c2 R2 
1A 
Square 4.6038 -2.9592 0.2838 0.4213 25 41.8342 312.0446 0.999 
Haversine 4.5916 -2.8333 0.4574 0.4424 25 42.1912 315.6492 0.999 
1/2A 
Square 4.4131 -3.4965 0.104 0.4533 25 17.2774 138.1826 0.999 
Haversine 4.4013 -3.3507 0.272 0.4776 25 17.2751 138.7332 0.999 
FC1 
Square 4.4465 -5.5782 1.3264 0.3643 25 24.7584 175.2826 0.999 
Haversine 4.4441 -5.6191 1.5324 0.3741 25 24.6356 174.9304 0.999 
Trap1 
Square 4.6037 -2.9593 0.2839 0.4213 25 41.7797 311.6395 0.999 
Haversine 4.3643 -3.58477 1.1697 0.369987 25 30.1599 311.9995 0.999 
 
Knowing resilient moduli at different temperatures and frequencies and using nonlinear regression method, it 
will be possible to compute the coefficients of master curve and shift factors. The parameters of resilient modulus 
master curves as well as coefficient of determination for four asphalt mixtures are given in Table 4. As can be 
seen, in all cases the coefficient of determination resulted from fitting Equation (13) to resilient modulus data is 
more than 0.99 and then it can be stated that the concept of resilient modulus master curve, can be used 
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successfully for representing the mixed effect of loading time and temperature parameters on resilient modulus of 
asphalt concretes regarding to different stress waveforms. 
Conclusion 
1. Modeling of HMA as a linear viscoelastic material makes it possible to determine the stress strain behavior as 
well as resilient modulus of HMA materials accurately in a wide range of temperatures and frequencies. 
2. The ratio of rest period to loading time (R/D) of 4 that has been suggested by some researchers can make up 
about 8% error in predicting the resilient modulus of HMA under square waveform. 
3. The effect of rest period on resilient modulus of HMA material increases by increasing mix temperature and 
loading time. Therefore, in order to determine the Mr of asphalt mixtures at moderate and high temperatures 
and under the effect of square waveform with long duration, the rest period should be at least 9 or even more 
to achieve an acceptable range of error in determination of Mr. 
4. Relation between Mr of HMA and loading time can be represented as a power relation.  
5. A quadratic polynomial equation with intercept of zero is reasonable for representing the relation of resilient 
modulus under square and haversine loading. 
6. The concept of resilient modulus master curve can be used successfully for modeling of resilient modulus of 
asphalt concretes in a wide range of temperatures and frequencies. 
References 
AASHTO, (1996). Standard test method for determining the resilient modulus of bituminous mixtures by indirect tension. Washington DC., 
United States: American Association of State Highway and Transportation Officials. 
Al-Qadi, I.L., Elseifi, M.A., Yoo, P.J., Dessouky, S.H., Gibson, N., Harman, T., D'angelo, J. & Petros, K., (2008). Accuracy of current 
complex modulus selection procedure from vehicular load pulse: NCHRP project 1-37a mechanistic-empirical pavement design guide. 
Transportation Research Record, 2087 (-1), 81-90. 
ASTM, (2011). Standard test method for determining the resilient modulus of bituminous mixtures by indirect tension test. Washington, DC 
20001, United States: ASTM International. 
Barksdale, R.D., Alba, J., Khosla, N., Kim, R., Lambe, P. & Rahman, M., (1997). NCHRP 1-28A: Laboratory determination of resilient 
modulus for flexible pavement design. Transportation Research Board, p486. 
Fairhurst, C., Kosla, N. & Kim, Y., (1990). Resilient modulus testing of asphalt specimens in accordance with ASTM D4123-82. Mechanical 
Tests for Bituminous Mixes. Characterization, Design and Quality Control. Proceedings of the Fourth International Symposium held by 
RILEM. 
Hu, S., Zhou, F., Hu, X., Scullion, T., Qi, X., Walubita, L.F. & Claros, G., (2008). Consideration of HMA resilient modulus (Mr) for ME 
pavement design and analysis. Journal of the Association of Asphalt Paving Technologists, 77, 663-708. 
Hu, X., Zhou, F., Hu, S. & Walubita, L.F., (2010). Proposed loading waveforms and loading time equations for mechanistic-empirical 
pavement design and analysis. Journal of Transportation Engineering, 136 (6), 518-527. 
Kamal, M., Shazib, F. & Yasin, B., (2005). Resilient behavior of asphalt concrete under repeated loading & effects of temperature. Journal of 
the Eastern Asia Society for Transportation Studies, 6, 1329-1343. 
Kim, Y., Shah, K. & Khosla, N., (1992). Influence of test parameters in SHRP07 procedure on resilient moduli of asphalt concrete field cores. 
Transportation Research Record, 1353 
Law, T.L., (2004). Resilient modulus of asphalt concrete mixtures. (Master of Science). University of Manitoba. 
Monismith, C., (1989). Resilient modulus testing: Interpretation of laboratory results for design purposes. Workshop on Resilient Modulus 
Testing ,  Oregon State University, Corvallis, Oregon. 
NCHRP, (2004). Guide for Mechanistic Empirical Design of New and Rehabilitated Pavement Structures, Final Report for Project 1-37A, 
National Cooperative Research Program, Washington, DC, 2004. 
Oza, A., Vanderby, R. & Lakes, R.S., (2006). Generalized solution for predicting relaxation from creep in soft tissue: Application to ligament. 
International journal of mechanical sciences, 48 (6), 662-673. 
Park, S. & Schapery, R., (1999). Methods of interconversion between linear viscoelastic material functions. Part I-A numerical method based 
on prony series. International Journal of Solids and Structures, 36 (11), 1653-1675. 
Sorvari, J. & Malinen, M., (2007). Numerical interconversion between linear viscoelastic material functions with regularization. International 
Journal of Solids and Structures, 44 (3), 1291-1303. 
 
